Multidrug-resistant variants of the opportunistic human pathogen Enterococcus have recently emerged as leading agents of nosocomial infection. The acquisition of plasmid-borne resistance genes is a driving force in antibiotic-resistance evolution in enterococci. The segregation locus of a high-level gentamicin-resistance plasmid, pGENT, in Enterococcus faecium was identified and dissected. This locus includes overlapping genes encoding PrgP, a member of the ParA superfamily of segregation proteins, and PrgO, a site-specific DNA binding homodimer that recognizes the cenE centromere upstream of prgPO. The centromere has a distinctive organization comprising three subsites, CESII separates CESI and CESIII, each of which harbors seven TATA boxes spaced by half-helical turns. PrgO independently binds both CESI and CESIII, but with different affinities. The topography of the complex was probed by atomic force microscopy, revealing discrete PrgO foci positioned asymmetrically at the CESI and CESIII subsites. Bending analysis demonstrated that cenE is intrinsically curved. The organization of the cenE site and of certain other plasmid centromeres mirrors that of yeast centromeres, which may reflect a common architectural requirement during assembly of the mitotic apparatus in yeast and bacteria. Moreover, segregation modules homologous to that of pGENT are widely disseminated on vancomycin and other resistance plasmids in enterococci. An improved understanding of segrosome assembly may highlight new interventions geared toward combating antibiotic resistance in these insidious pathogens.
T
he segrosome is the nucleoprotein complex that drives accurate segregation of bacterial plasmids (1, 2) . The complex includes (i) a centromere analog on which assembly occurs; (ii) one of a diverse array of centromere-binding factors; and (iii) an ATPbinding protein, either actin-like or, more commonly, a Walkertype ATPase of the ParA superfamily that is unique to prokaryotes. ATP-mediated assembly of actin-like segregation proteins into a bipolar spindle elicits bidirectional polymer growth, pushing attached plasmids in opposing directions (3) . Plasmid-encoded ParA proteins also polymerize in response to ATP, although the molecular mechanisms that underlie this behavior and how polymerization mediates segregation remain to be fully elucidated (4) (5) (6) (7) (8) (9) . ParA action during plasmid segregation may involve a polymerizationdepolymerization cycle in which binding of ATP and the centromere-binding protein cooperatively enhance ParA filamentation. Stimulation of ParA intrinsic nucleotide hydrolysis by the centromere-binding factor subsequently may induce formation of ParA-ADP species within polymers, thereby blocking further polymerization. Pushing of plasmids by polymer growth or plasmid pulling by filament depolymerization may direct replicated plasmids to either side of the septal plane (1, 5, 8, 9) . A third class of plasmid segregation proteins that are related to eukaryotic tubulin has been described recently in Bacillus thuringiensis (10) .
Enterococcus sp. until recently have been considered commensal intestinal bacteria. However, enterococci now represent a significant health threat as leading agents of nosocomial bacteraemia and urinary tract infections, particularly among vulnerable patients. Intrinsic antibiotic resistance in Enterococci is exacerbated by horizontal transfer of resistance genes on mobile genetic elements such as plasmids and conjugative transposons. Indeed, the enterococcal genome is replete with mobile elements and foreign DNA (11) . This propensity for incorporation of mobile elements contributes to the rapid dissemination of drug resistance in enterococci, suggesting they are reservoirs for further spread of traits, such as vancomycin resistance, via transposons and/or conjugative plasmids (12) . Thus, enterococci are among the most pernicious of antibioticresistant bacteria, first, because they are inherently impervious to many antibiotics and second, because they have acquired resistance genes against antibiotics that were once useful. Nevertheless, the mechanisms by which antibiotic resistance plasmids are segregated in enterococci are a tabula rasa. Here, we identify a partition locus on a gentamicin resistance plasmid from a clinical isolate of Enterococcus faecium and characterize the centromere-like site within this locus. Elucidating the molecular basis for DNA segregation in enterococci will provide insights into the mechanisms that promote stable persistence of antibiotic resistance plasmids in this important human pathogen and may highlight new strategies aimed at combating resistance in these and related bacteria.
Results
Organization of an Enterococcal Segregation Locus. E. faecium SS25 is a clinical isolate that harbors a Ϸ70-kb plasmid (here named pGENT) that specifies high-level resistance to gentamicin and a range of other aminoglycosides (13) . Libraries of pGENT in the segregation probe vector pREG45 (14) were screened for recombinant plasmids with enhanced maintenance in E. faecium SE34. One fragment of pGENT that conferred improved partition activity harbored two intact overlapping ORFs homologous to genes (prgPO) identified on other enterococcal plasmids (15) but of hitherto cryptic function (Fig. 1) . PrgP (36, 323 Da) is a member of the ParA superfamily of bacterial segregation proteins, whereas homologs of PrgO (10,554 Da) are specified only by plasmids of Enterococcus and related bacteria [supporting information (SI) Fig. 7 ]. The prgPO genes are f lanked at their 5Ј extremity by two repeat clusters, each set comprising seven TATA boxes separated by 5 base pairs. The repeat clusters are 26 base pairs apart. A further six TATA boxes are arrayed 3Ј of prgPO (Fig. 1) . Clustered TATA motifs with related configurations f lank prgPO genes in other enterococcal plasmids that confer a range of antibiotic resistances (SI Fig. 8 ). Considering (i) their location near the prgPO genes; (ii) that plasmid centromeres consist of iterated sequence motifs; (iii) their conservation in enterococcal plasmids; and (iv), the effect that deletion of the boxes exerts on plasmid maintenance (see below), the TATA clusters upstream of prgPO, or a subset of these motifs, likely represent the centromere [cenE (centromere from Enterococcus)] of plasmid pGENT on which the segrosome assembles during partitioning. The distal and proximal TATA clusters are designated CESI and CESIII, respectively; the intervening 26-bp spacer is denoted CESII (cenE subsites) (Fig. 1) .
Plasmid pDL278 replicates both in Escherichia coli and Enterococcus (16) . The vector is missegregated in E. faecium SE34 without selective pressure but is stabilized by a 1,469-bp fragment of pGENT that encompasses prgPO and flanking repeat motifs (pSTAB5; Fig. 1 ). An in-frame deletion in prgP reduced stability to background levels affirming its role in segregation (pSTAB7). By contrast, it was not possible to introduce a plasmid possessing an in-frame deletion in prgO into strain SE34 (pSTAB8). An analogous construct in the alternative segregation probe vector, pREG45, was transferrable to SE34 but was missegregated at a higher frequency than pREG45 itself (data not shown). The polypeptide generated by the prgO in-frame deletion may be toxic or an imbalance in the PrgP:PrgO ratio induced by the deletion protein may elicit an elevated plasmid loss rate. Translational coupling between the two genes may be important in this context.
The TATA boxes 3Ј of prgPO were inessential for partitioning (pSTAB21). Deletion of cenE in the presence (pSTAB48) or absence (pSTAB49) of the downstream boxes reduced plasmid retention to the level of the pDL278 vector. Deletion of CESI alone (pSTAB28), or the two most distal TATA boxes in this subsite (pSTAB23), also reduced plasmid retention significantly. Unexpectedly, segregation activity was restored to a plasmid lacking five of the TATA motifs in CESI (pSTAB26): in this sequence context the remaining repeats may be able to adopt a configuration within the segrosome that is proficient for segregation. Deletion of one additional TATA box from CESI again resulted in a higher plasmid loss rate (pSTAB27) (Fig. 1) . If the signals that direct expression of the prgPO genes are embedded in the cenE region, some of the segregation defects observed with cenE deletions may be due to interference with prgPO expression. Further dissection of cenE will define prgPO expression signals.
PrgO Is a Dimeric Protein with Extensive Secondary Structure. In cross-linking experiments with purified PrgO and dimethyl pimelimidate, a significant fraction of the protein was rapidly fixed into covalently bound dimers ( Fig. 2A) . PrgO eluted predominantly (Ͼ98%) as a single peak in size exclusion chromatography on a Superdex 200 column. Multiangle light scattering (MALS) of this peak material was consistent with the presence of a major dimeric species: the molecular weight distribution across the peak area was 26.12 Ϯ 1.05 kDa (Fig. 2B) . In sedimentation velocity studies, SEDFIT analysis yielded a sedimentation coefficient of 1.91s for PrgO (Fig. 2C) . Using SVEDBERG software, the S 20,w value was 1.884 with an estimated molecular mass of 22.62 kDa. Thus, cross-linking, MALS and analytical ultracentrifugation conclusively demonstrated that PrgO is dimeric in solution. The hydrodynamic radius of PrgO by quasielastic light scattering (QELS) performed in parallel with MALS was 3.80 nm, whereas SVEDBERG analysis gave a radius of 2.86 nm. Although somewhat different, both values are relatively elongated for a molecule of this size suggesting that PrgO has an extended conformation.
PrgO exhibited distinct CD minima at Ϸ208 and Ϸ222 nm that are characteristic of ␣-helix content and helix-helix interactions, respectively, indicating that the protein possesses extensive secondary structure (Fig. 2D ). Data deconvolution with CDSSTR software (17) suggested that the ␣-helical content of PrgO was Ϸ40%, with Ϸ30% ␤-strands, Ϸ15% turns, and the remainder unordered.
cenE Site Recognition by PrgO. EMSA demonstrated that purified PrgO protein bound cenE site-specifically (see Fig. 6 ). PrgObinding sites were mapped by DNase I footprinting: the protein Functional analysis of the pGENT segregation locus. TATA boxes are denoted by arrowheads. Segregational stability assays of vector pDL278 and its derivatives were conducted as outlined in the text. Plasmid pDL278 without a cloned insert was retained at a frequency of 7 Ϯ 6%. Italicized numbers in pSTAB22-pSTAB28 indicate numbers of TATA repeats remaining in CESI in these constructs. No apparent alterations in copy numbers of the pDL278 vector with and without the partition cassette were noted based on visual inspection of plasmid yields on agarose gels. NT, not testable.
protected CESI and CESIII subsites on both strands from DNase I digestion, with the bulk of the CESII region unprotected (Fig. 3 ). Bottom-strand protection was staggered by 3-4 nt in the 3Ј direction, potentially reflecting minor groove coverage at this end. Upon longer exposure of the blots, weaker protection was noted in the 5-bp spacers between TATA boxes in CESI and CESIII than with the tetranucleotide motifs themselves (bullets in Fig. 3 ). PrgO may principally contact the TATA motifs, providing less effective coverage of interbox regions. The final TATA box in CESI was partially protected from DNase I digestion. Conversely, PrgO binding extended Ϸ25 bp upstream of CESI, with a DNase I hypersensitive site on the bottom strand, suggestive of DNA structure perturbation. The extended footprint encompassed an extra TATA box located 15 bp 5Ј of the CESI repeats (Fig. 3) . Interestingly, a TATA tetranucleotide is located one and one-half helical turns distal of the clustered repeats in all cenE sites examined, irrespective of the arrangement of principal TATA boxes (SI Fig. 8 ).
Inherent Curvature in cenE. Curved DNA has clearly identifiable properties. First, curvature measured as retarded migration in polyacrylamide gel electrophoresis is most evident at moderate temperatures and decreases at elevated temperatures (18, 19) . Second, ethidium bromide intercalates into DNA and moderates differences between B-and BЈ-form DNA, thereby strongly reducing migration anomalies (20) . Moreover, a DNA fragment containing curvature at or near its end migrates rapidly in polyacrylamide, whereas fragments in which curvature is more centrally located migrate more slowly (21) .
The cenE site is AT-rich and contains extensive homopolymer dA and dT stretches, suggesting that cenE might be curved and might show anomalous gel migration. Calculation of the 3D path of cenE and curvature estimation of the axis path using CURVA-TURE software based on stepwise calculation of geometric transformations according to the set of dinucleotide wedge angles (22) supported this suggestion (Fig. 4A) . Apparent sizes of restriction fragments with cenE at different positions (Fig. 4B) were determined relative to marker fragments with normal migration, which are known not to be curved. In addition, normally migrating plasmid fragments in the same lane were compared with the curved slow-migrating cenE fragments. The quotient apparent sequence length divided by known sequence length is termed the k-factor. Several k-factor values for cenE were measured repeatedly for different conditions ( Fig. 4C ) with an experimental error in k-factor measurement of Ϯ0.03. Curvature variation in normal DNA sequences is between k-factor ϭ 0.98-1.05. Most fragments external to cenE migrated normally in polyacrylamide. However, fragments possessing cenE showed classical properties of curved DNA: for cenE framed by 210 and 247 bp (fragment I), a k-factor of 1.22 was measured in 8% polyacryamide at 23°C (Fig. 4C) . Although this value did not change significantly at 5°C (k-factor ϭ 1.21), it was reduced to 1.05 at 50°C as expected for curved DNA. In support of this, the k-factor varied with gel concentration (k-factor ϭ 1.19 and 1.27 in 6% and 11% polyacryamide, respectively). With longer framing sequences of 371 and 403 bp on either side (fragment V), the k-factor value was lowered to 1.11 at 23°C in 8% polyacryamide (Fig. 4C) . In the presence of ethidium bromide (3 mg/liter) or in agarose, the k-factor was reduced to 1.05, behavior that typifies curved DNA fragments (23) . A similar pattern was observed for fragment II: when sequences surrounding cenE were 36 bp at the 5Ј side and 141 bp at the 3Ј side, the k-factor changed modestly (k-factor ϭ 1.19). However, when sequence lengths flanking cenE were reversed (127 bp at the 5Ј side and 41 bp at the 3Ј side) (fragment VI), the k-factor was reduced considerably to 1.06 (Fig. 4C) . This suggested that CESI and CESIII might influence cenE curvature differently. Therefore, curvatures of the CESI and CESIII regions were examined separately. CESI on a 69-bp fragment flanked by 231 bp at the 5Ј side (fragment III) showed a k-factor of 1.05, whereas CESIII on a 73-bp fragment with 247 bp at the 3Ј side (fragment IV) had a k-factor of 1.09 (Fig. 4C) . These data suggest that CESIII is curved slightly more strongly than CESI. However, differences in fragment construction and the small k-factor variations preclude a definitive conclusion.
PrgO-cenE Interactions Probed by Atomic Force Microscopy (AFM).
AFM is a powerful approach for visualization of nucleoprotein complex topography. AFM analysis of PrgO-cenE used a 532-bp AflIII-BanII restriction fragment in which the centromere is located asymmetrically (Fig. 5C ). PrgO-cenE complexes were scanned in tapping mode and PrgO-cenE nucleoprotein complexes detected (Fig. 5A) . In a majority of cases, two discrete protein complexes were observed at defined positions on the DNA, with one short and one long protein-free DNA arm. In most instances, the DNA between complexes was also unoccupied. However, a third protein spot was situated between the main foci in Ϸ15% of nucleoprotein complexes (n ϭ 149). The results reveal two independent nucleation sites for complex formation in cenE, corroborating DNase I footprinting data. Larger protein complexes were observed at higher protein concentrations (data not shown) indicating that, when primary foci are saturated with PrgO, neighbouring regions can bind protein and form new complexes or enlarge existing ones. PrgO-mediated dimerization between nucleoprotein complexes located in cis or in trans was not observed.
The precise positions of PrgO complexes on cenE in AFM could be determined because the site's location within the AflIII-BanII fragment is asymmetric (Fig. 5C ). Contour length measurement revealed that complex centers were located 65.6 Ϯ 3.3 nm (199 bp) from the tip of the short DNA arm and 84.7 Ϯ 4.2 nm (257 bp) from the end of the longer arm (Fig. 5B ). This interpretation is consistent with DNase I footprinting data. Foci were separated by 25.3 Ϯ 1.3 nm corresponding to the protein-free CESII region between TATA clusters. Thus, the midpoint of one PrgO complex is centered on CESI, whereas the second focus is positioned asymmetrically within the CESIII repeats (Fig. 5C) .
The average length of cenE DNA within nucleoprotein complexes was 178.7 Ϯ 8.9 nm (Fig. 5B) . This value corresponds closely to the calculated length of unbound cenE fragment: 175.6 nm assuming 0.33 nm per base pair (or 180.9 nm assuming 0.34 nm per base pair). Thus, the DNA in the nucleoprotein complexes is neither stretched nor compressed. Furthermore, cenE is neither folded nor wrapped around PrgO, as observed in eukaryotic nucleosomes (24) . The intrinsic sequence-dependent moderate curvature of the DNA (Fig. 4) also was not obviously enhanced by PrgO binding, although AFM is not well suited for visualization of moderate sequence dependent DNA curvature. Thus, cenE embedded in PrgO-cenE complexes exists exclusively in a linear form under these experimental conditions. Independent Recognition of CESI and CESIII Motifs by PrgO. EMSA analysis was used to explore the PrgO-cenE interaction further (Fig.  6) . A fragment (1 pM) bearing cenE was bound entirely by PrgO at protein concentrations between 0.1 and 0.2 M and was assembled into progressively more retarded nucleoprotein complexes at higher PrgO concentrations (Fig. 6A) . A fragment harboring only CESI exhibited similar binding patterns. However, PrgO bound isolated CESIII repeats less avidly, with a half-maximal saturation point Ϸ10-fold higher than with CESI. Both sets of repeats were fully bound into nucleoprotein complexes at elevated concentrations of PrgO. Neither integral (10-or 20-bp) nor nonintegral (4-or 15-bp) helical turns inserted in CESII increased the detectable plasmid loss rate in vivo (pSTAB29-pSTAB32; Fig. 1) . Moreover, the PrgObinding pattern with cenE possessing a 20-bp insertion was not perturbed (data not shown). In summary, EMSA data support DNase I footprinting and AFM studies indicating that PrgO recognizes CESI and CESIII independently and demonstrate that CESI and CESIII are high and lower affinity-binding sites, respectively, for PrgO.
Deletion of as few as two TATA boxes from the distal end of CESI perturbs DNA segregation in vivo (Fig. 1) . The capacity of PrgO to bind substrates with identical lengths (79 bp) but containing three to seven TATA motifs was assessed in vitro (Fig. 6B) . Fragments possessing six (CESI-6), five (CESI-5), or four (CESI-4) repeats were bound progressively less strongly by PrgO. Deletion of four TATA boxes (CESI-3) entirely abolished binding at 4.3 M PrgO, an amount sufficient to completely shift a fragment harboring the full complement of motifs. Thus, four TATA boxes from the right half of CESI are necessary and sufficient for PrgO binding. However, substrates of identical length, but possessing four to seven TATA motifs, generated nucleoprotein complexes with PrgO that were progressively more retarded in EMSA (Fig. 6C) . The topologies of PrgO-cenE complexes with reduced numbers of TATA boxes may differ from those produced with the wild-type complement of motifs.
Discussion
Plasmid centromeres are highly heterogeneous, comprising repeat motifs whose sequence, number, length, and spacing show remarkable diversity (1, 2) . The parS locus of P1 is the most well characterized centromere. The site comprises an AT-rich stretch bound by integration host factor (IHF) flanked on either side by intricate sets of motifs that are recognized by the centromerebinding protein, ParB. IHF-mediated bending of parS assists ParB dimers to bridge the centromere arms. The ParA protein is recruited to the segrosome by interactions with ParB eliciting formation of complexes that may adopt different topologies dependent on which combination of ParB-centromere interactions occurs (25) . Like P1 parS, the cenE locus of pGENT includes two discrete repeat arrays (CESI and CESIII) although with a distinctive arrangement of motifs: each set comprises seven TATA boxes separated by half-helical turns. The PrgO protein recognizes CESI and CESIII independently, without extensive coverage of the CESII spacer region in footprinting assays and with low spacer occupancy in AFM analysis. CESI and CESIII are bound by PrgO with different kinetics and affinities, with the former assembled into nucleoprotein complexes more efficiently than the latter. This dichotomy may result from sequence variations in the spacers that separate the TATA boxes in the arrays, and which may differentially modulate PrgO binding and/or DNA curvature. Furthermore, footprinting and AFM analyses suggest that PrgO protomers bound at CESI and CESIII do not interact. Accordingly, extending the length of the intervening CESII region by either helical or nonhelical turns affected neither PrgO binding at cenE nor segregation activity in vivo. Moreover, PrgO binding did not compact cenE in AFM analysis, suggesting that the subsites do not wrap about PrgO. CESI and CESIII may act as independent nucleation sites during segregation. Alternatively, DNA supercoiling, binding of an additional factor between CESI and CESIII, or other parameters might influence cenE geometry and function, promoting formation of higher order structures that encompass the full cenE locus. Experiments with supercoiled and other DNA substrates will provide further insights into segrosome topology at cenE.
Centromeres of Saccharomyces cerevisiae are comparable in length (Ϸ125 bp) to some plasmid centromeres, and plasmid and yeast centromeres are functional analogs. Yeast centromeres consist of three conserved DNA elements (CDEs): CDEI and CDEIII are recognized by Cbf1 and the CBF3 protein complex, respectively. The central CDEII region (Ϸ80-85 bp) both is AT-rich (90%) and possesses A and T homopolymer stretches that contribute to formation of a static bend that may be crucial for assembly and function of the higher order nucleoprotein complex at the centromere. The 16 centromeres of S. cerevisiae are inherently curved to different extents (23) , although the centromere with the most pronounced curvature has a k-factor (1.24) similar to that of cenE (Fig. 4) . In comparison, the parC centromere of plasmid R1 displays more marked curvature with a k-factor near to 2 (26) . It is intriguing that, although apparently unrelated evolutionarily, yeast centromeres, cenE, and P1 parS each consist of two protein-binding subsites separated by an AT-rich stretch implicated in centromere distortion. Moreover, centromeric nucleosomes of higher eukaryotes (27) may show similarities to centromere-specific yeast nucleosomes. These organizational similarities may be coincidental or may reflect a common architectural requirement during mitotic apparatus assembly in both yeast and bacteria.
Macroscopic DNA curvature is associated primarily with properly phased stretches of adenines (dA n tracts). Short runs of deoxyadenines repeated with the helix screw produce global curvature of the double helix. DNA curvature induced by dA tracts can be affected by the sequence between the tracts. Non-dA n sequence elements can also cause DNA curvature. One of the most accepted hypotheses suggests that the distinctive properties of poly-(dA):poly(dT) may be explained by having an unusual BЈ-form structure (28) . This structure may be sufficiently different from B-form DNA that certain DNA-binding proteins implicated in transcription, replication, and chromatin organization can sense the difference (29, 30) . Numerous examples of naturally occurring DNA curvature have been reported, including in promoters of eukaryotic and prokaryotic genes, in bacteriophage and plasmid replication origins, and in sequences proximal to yeast and viral origin regions. Intrinsic DNA curvature also may play an important role in nucleosome architecture (31) . We speculate that, as with yeast centromeres, intrinsic curvature in cenE is crucial for formation of a segrosome that is primed for segregation. This curvature may facilitate protein binding, promote protein-protein interactions, assist in segrosome stabilization, and/or help package cenE into a segrosome with a precise topology.
Deletion of the TATA boxes 3Ј of prgO did not have an appreciable effect on segregation in vivo (pSTAB21; Fig. 1 ). Nevertheless, it is intriguing that numerous TATA boxes are arrayed downstream of prgPO cassettes in all cases examined suggesting that these repeats may be of functional significance (SI Fig. 8 ). The current in vivo segregation assay may be insufficiently sensitive to detect any effect of deletion of the downstream boxes. There are precedents for cross-talk between cis-acting regions upstream and downstream of partition operons (32, 33) . Moreover, pairing of sister plasmids via aligned centromeres is thought to be an early step in segregation (34) , perhaps mimicking alignment of eukaryote chromosomes at the spindle equator. The presence of homologous repeat motifs at either end of the prgPO genes provides a plausible mechanism by which nucleoprotein complexes assembled at these sites might mediate parallel or antiparallel cohesion of plasmids before their separation in opposing directions.
Materials and Methods
Strains, Plasmids, and Oligonucleotides. E. coli DH5␣ was used for plasmid construction and BL21(DE3) for PrgO overproduction. Segregation assays were performed in E. faecium SE34. When required, antibiotics were added: ampicillin, 100 g/ml for E. coli; spectinomycin, 250 g/ml for E. coli, and 200 g/ml for E. faecium. Oligonucleotides and plasmids are listed in SI Tables 1 and 2 , respectively.
Enterococcal Procedures. Isolation of pGENT from E. faecium SS25, electroporation of E. faecium SE34, and plasmid segregation assays (Ϸ75 generations of nonselective growth) in SE34 were performed as described (14) . The nucleotide sequence of the prgPO locus of pGENT is available in GenBank (GenBank accession no. EF558666).
Protein Purification. The prgO gene was cloned in the pET-22b(ϩ) vector. Histagged PrgO was overproduced in E. coli BL21(DE3) and purified by Ni 2ϩ affinity chromatography. Fractions with the highest PrgO concentrations were pooled, buffer-exchanged into 50 mM Hepes, pH 8.0; 50 mM KCl; 10% glycerol; and 1 mM DTT; and stored at Ϫ80°C.
EMSA. Double-stranded DNA fragments (5Ј biotinylated) were obtained by annealing complementary oligonucleotides or by PCR (SI Table 1 ). Binding reactions included end-labeled DNA (0.25 nM for oligonucleotides, 1 pM for PCR products), recombinant PrgO, and 1 g of poly dI-dC in binding buffer (10 mM Tris⅐HCl, pH 7.0; 50 mM NaCl; 3% glycerol; 1 mM MgCl2). Reactions were processed as outlined (35) .
DNaseI Footprinting. PCR fragments in which the top or bottom strand was 5Ј biotinylated were generated with primers FOOT-FOR/FOOT-REV and with FOOT-FOR-2/FOOT-REV-COLD (top strand) and FOOT-FOR-COLD/FOOT-REV-2 (bottom strand) for accurate mapping of protection boundaries. DNase I footprinting was performed as detailed elsewhere (36) .
Hydrodynamic Studies. Molecular mass and hydrodynamic radius of PrgO (in 5 mM Hepes, pH 7.5; 100 mM NaCl; 1% glycerol) were determined by using a combination of size exclusion chromatography, MALS, and QELS (36) . Sedimentation velocity experiments were performed as described (35) . Results were analyzed by using the programs SVEDBERG and SEDFIT. For CD spectroscopy, PrgO (in 10 mM Tris⅐HCl, pH 8.0; 150 mM KCl; 1% glycerol) was analyzed as described (36) . Dimethyl pimelimidate (50 mM) was used in PrgO cross-linking (35) .
Bending Analysis. Approximately 10 g of pTATA plasmid DNA carrying cenE (SI Table 2 ) was digested with restriction endonucleases producing fragments for curvature analysis (Fig. 4B) . DNA was purified; resuspended in 5 mM Tris, pH 8.5; mixed with loading dye; and analyzed on equilibrated native polyacrylamide gels (28) . Migration of all fragments was determined for each gel, and calibration curves were plotted by using marker fragments (logarithm of number of base pairs vs. distance migrated). Apparent size in acrylamide relative to the calibration curve was determined for every anomalously migrating fragment.
AFM.
Freshly cleaved mica was functionalized with polyL-lysine (PL) to support DNA immobilization (37) . Fragments containing cenE were mixed with PrgO in 10 l of buffer (10 mM Tris, pH 7.8; 1 mM DTT; 1 mM EDTA; 50 mM KCl; 0.02% Nonidet P-40) to final concentrations of 0.35 M DNA and 4.5 M PrgO. After 15-30 min, the mixture was diluted 30-fold, and 30 l was placed on the PL mica. For scanning in air, the mica was rinsed with water after incubation with the mixture for 1 min and blown dry. AFM measurements were performed with a Multimode (IIIa, Veeco) by using etched silicon probes in tapping mode (37) . Length measurements along DNA contours were done by using ImageJ. PrgO positions on cenE were measured by determining distances from protein centers to the nearest DNA end. Statistical analysis was performed with Sigma Plot 6.1.
